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EXECUTIVE SUMMARY
The Natural Buttes Gas Field, northeastern Utah, is one of the largest natural gas fields in the United States with more than 166 billion cubic feet of gas (BCFG) proved reserves. Natural gas production in the Natural Buttes area is primarily from tight-gas sands within Cretaceous and Tertiary strata, including much of the upper Mesaverde Group. Despite increased interest in the upper Mesaverde Group, pragmatic timelines and sound regional correlations for this interval in the Uinta basin are scant. Moreover, the regional sequence-stratigraphic framework and facies distribution is poorly understood. Carefully linking outcrop observations (i.e., detailed lithofacies, stacking patterns, flooding surfaces, regional unconformities, paleocurrents and detrital sandstone modes) to nearby subsurface data provides critical insight that can vastly improve regional correlations by and place productive facies within a regional context.
The goal of this pilot study was to construct a preliminary, outcrop-to-subsurface, sequence-stratigraphic correlation for the Price River and Farrer Formations from Price, UT to the Utah-Colorado state line. Deliverables for this study include:
(1) a regional stratigraphic cross section; (2) 10 detailed stratigraphic profiles; (3) 2 interpreted outcrop photo mosaics with corresponding gamma-ray responses.
Unlike previous correlations that primarily use formation tops and net-to-gross patterns to correlate, this study used flooding surfaces, regional unconformities, detailed lithofacies, facies stacking patterns/architecture, sandstone composition and paleocurrents in outcrop to improve the regional, subsurface correlation. Two flooding surfaces were particularly useful for constructing the regional correlation, and making the critical link from the outcrop to the subsurface. Flooding surfaces were identified in outcrop by the presence of tidaland marine-influenced units that suggest incursion of brackish to open-marine conditions into predominantly fluvial successions; they can be identified by their higher gamma-ray (GR) response compared to fluvial sandstones, and slightly lower GR response compared to floodplain sandstones with a characteristic "spiky" character and higher organic content. In addition, an up-section increase in detrital feldspar in sandstones of the upper Farrer Formation correspond to an up-section increase in the GR response of sandstones.
Outcrop analysis and correlation of outcrop and subsurface data suggest that subtle flooding surfaces and stratigraphic stacking patterns are the most useful for correlating long distances (> 50 km) in the Price River and Farrer Formations. Changes in fluvial stacking pattern, from clustered to isolated channel bodies, allow us to identify stratigraphic zones that may contain flooding surfaces. Careful examination of the GR and conductivity within these suspect zones helps to identify key flooding surfaces. Locally, unconformities are useful for correlation purposes. However, unconformities become more numerous and clustered near the northern extent of the San Rafael Swell; these unconformities appear to become conformable with distance away from the San Rafael Swell and may locally act as stratigraphic traps. It is possible that these unconformities form part of a large-scale growth-strata package on the margins of the San Rafael Swell. However, more detailed stratigraphic analysis is needed to fully understand the extent, character and genesis of these unconformities.
A distinct partitioning of depositional facies was recognized within the Price River and Farrer Formations. Stratigraphically, the lower part of this interval is a low net-to-gross sandstone succession with more isolated channel bodies, fewer crevasse splay deposits and less developed paleosols (thinner units with scare root traces and peds). Two important flooding surfaces are found within this lower stratigraphic interval. By contrast, the upper part of the Price River-Farrer succession is a higher net-to-gross sandstone interval with thicker and more amalgamated channel bodies, more crevasse splay deposits and better developed paleosols (thicker units with large, fully preserved root traces). Geographically, sandstone-rich intervals are more abundant on the distal flanks (>20 km) of the San Rafael Swell. Paleocurrents are highly variable, but are generally north-to northeast-directed currents that become more northerly in the vicinity of the San Rafael Swell.
Preliminary results from this study suggest that the San Rafael Swell deflected fluvial systems northward, and may have formed semi-regional unconformities along its crest and controlled accommodation patterns that influenced fluvial architecture and sand distribution.
PRELIMINARY REGIONAL SEQUENCE STRATIGRAPHIC FRAMEWORK AND CHARACTERIZATION OF POTENTIAL FLUVIAL RESERVOIRS OF THE UPPER MESAVERDE GROUP, UINTA BASIN, UTAH
INTRODUCTION Project Scope and Objectives
The Natural Buttes Gas Field, northeastern Utah, is one of the largest gas fields in the United States with more than 166 BCFG proved reserves. Natural Buttes, and the surrounding region, is a key area of interest for many Rocky Mountain based energy companies, and promises to continue this trend with the opening of the new Chapeta Gas Processing Plant. Production in the Natural Buttes area is primarily from Cretaceous and Tertiary strata, including much of the upper Mesaverde Group.
Despite increased interest in the upper Mesaverde Group, pragmatic timelines for sound regional correlations are scant, and the regional sequence-stratigraphic framework and detailed facies distribution are poorly constrained. The purpose of this study was to fill the gaps in our knowledge concerning the sequence-stratigraphic framework and facies distribution within the upper Mesaverde Group. Unlike previous correlations that primarily use formation tops to correlate, this study used flooding surfaces, regional unconformities, detailed lithofacies, facies stacking patterns/architecture, sandstone composition and paleocurrents derived from outcrop description to improve the regional, subsurface correlation.
The two main goals of this research were to: (1) improve the regional sequence-stratigraphic framework of the upper Mesaverde Group (Price River and Farrer Formations), and (2) describe and interpret potential sandstone reservoirs within the Price River and Farrer Formations from Price UT to the UT-CO state line. To achieve these goals, a detailed subsurface-to-outcrop, stratigraphic cross section and two photo mosaics were constructed to show the types and distribution of potential reservoir facies in a regional framework. The database for this project consisted of 10 new, detailed stratigraphic profiles, 4 published stratigraphic profiles, 2 new, outcropbased GR curves and 146 public well-logs. The stratigraphic cross section consisted of 10 new and 4 published stratigraphic profiles, two of which were complemented by outcrop GR curves, and about 20 published well-logs. Stratigraphic profiles and nearby well-logs were projected onto a roughly east-west cross-section line.
Objectives
To achieve the main goals of the study, three specific objectives were completed:
• 
GEOLOGIC CONTEXT Tectonics and Basin Development
The Farrer and Price River Formations constitute part of the predominantly non-marine fill of the Cretaceous Cordilleran Foreland Basin. This foreland basin developed from the Jurassic through the Cretaceous as a result of flexure adjacent to the thickened crust of the Sevier fold-thrust belt (DeCelles, 2004) . Deformation in the fold-thrust belt, and later in basement-cored structures, is attributed to the transfer of stress from the subduction zone at the western margin of North America, where oceanic lithosphere of the Farallon Plate was subducted below continental lithosphere of the North American Plate. During the development of the basin, sediment was generally transported from the thrust-belt in the west to the east, into the Western Interior Seaway. Thrust-belt proximal and younger foreland basin strata tend to be more non-marine, whereas more distal foreland basin strata tend to be more marine-influenced due to periodic incursions of the Western Interior Seaway.
During the late stages of foreland basin development, from the latest Cretaceous to Paleogene, basement-cored (i.e., "Laramide") structures locally punctuated the subsiding foreland basin (Dickinson and Snyder, 1978) . These Laramide structures locally, and perhaps region- Stratigraphy Speiker (1946) and Fisher and others (1960) were among the first workers to define the stratigraphy in the Book Cliffs area, and recognize the thick succession of strata constituting the Price River and Farrer Formations. Later, Fouch and others (1982) provided chronostratigraphic evidence that the Price River and Farrer Formations were age-equivalent. However, the precise correlation of the Price River Formation to the Farrer Formation, and the evolution of the depositional systems responsible for them have been somewhat contentious because their paleocurrents and sandstone compositions are quite different (Lawton, 1983; Lawton, 1986; Fouch and others, 1994; Olsen and others, 1995; Guiseppe and Heller, 1998) . One of the key questions at the center of this debate is the role that the San Rafael Swell played in deflecting and/or segmenting sediment dispersal systems. Recent regional sequence-stratigraphic studies (Hettinger and Kirschbaum, 2002 ) support earlier workers (Fouch and others, 1982; Lawton, 1983) who correlate the Price River and Farrer Formations across the San Rafael Swell (Figure 1 ). However, some workers contend that uplift along the San Rafael Swell caused northward deflection of fluvial systems and that the depositional systems for the Price River and Farrer Formations are time-correlative but distinct fluvial systems. Resolving questions about the correlation and depositional history of these units has implications for predicting the distribution of potential reservoirs, seals and traps. Previous studies have addressed the stratigraphy of the Price River and Farrer Formations, but many of these studies were local, or did not provide a high level of detail. The present study provides another level of detail within part of this succession with a more extensive sequence-stratigraphic correlation that integrates a wide array of subsurface and detailed outcrop data.
METHODS AND DATASET
The present research integrates outcrop with subsurface data to construct a regional correlation of part of the upper Mesaverde Group in northeastern Utah and characterize potential reservoirs within this interval. Outcrop data consisted of 10 detailed (20 cm scale), 200-400 m long stratigraphic profiles measured at a 10-mile ( km) spacing wherever possible and two photo mosaics that delineates the geometries, dimensions and internal character of sandstone bodies within the Price River and Farrer Formations. Stratigraphic profiles made special note of depositional facies, facies stacking patterns, key sequence-stratigraphic surfaces, evidence of marine/tidal influence, visually estimated detrital sandstone composition and paleocurrent direction. The outcrop data were supplemented with four published stratigraphic profiles that were compiled by Hettinger and Kirschbaum (2002) .
Outcrop gamma-ray responses (total counts per second, cps) of the facies were measured for 2 of 10 new stratigraphic profiles. The GR responses were measured with a GR Spectrometer at 1-3 m increments wherever possible and keyed to detailed descriptions and observations in each stratigraphic profile. Spectrometer data were recorded by the internal data logger, uploaded to Microsoft Excel™ and imported to GeoPlusPETRA™ where they were converted to LAS files and added to the PETRA project. GR responses were also plotted on photomosaics to delineate the gamma-ray responses of sandstone bodies. These outcrop data were closely linked to nearby subsurface data using the gamma-ray responses from the outcrop.
Subsurface data used in the cross-section consisted of 20 public well-logs that were downloaded from the Utah Division of Oil, Gas, and, Mining (DOGM) website. Wells with GR and spontaneous potential (SP) curves that were located < 5 miles from the Book Cliffs outcrop belt were preferentially selected for the database. Tops data were compiled from the DOGM website and U.S. Geological Survey (USGS) National Oil and Gas Assessment (NOGA) websites and systematically corrected. New formation tops and flooding surface tops supplemented these data.
The database, consisting of 10 new stratigraphic profiles, 4 published stratigraphic columns, 2 outcrop GR curves, 146 public well-logs (including the 20 used in the cross-section) and tops from the USGS and DOGM, was built using GeoPlus PETRATM . The datum for the project is North American Datum 1927, Zone 12. The stratigraphic profiles and public well-logs were depth-registered and correlated to subsurface data by direct comparison from the outcrop, northward into the subsurface. The two stratigraphic cross sections were constructed using the 10 new stratigraphic profiles, 4 published stratigraphic profiles and 20 publicly available well logs. Future work (planned for 2010) will incorporate the additional public well-logs to provide a more 3-dimensional stratigraphic framework and isopach maps of the Price River and Farrer Formations.
LITHOFACIES AND DEPOSITIONAL ENVIRONMENTS
Lithofacies were distinguished based on internal characteristics such as color, grain-size, bedding, sedimentary structures, grading and continuity of beds. These lithofacies were then grouped into non-genetic facies assemblages based on similar characteristics. This study defines 3 lithofacies assemblages and 13 distinct lithofacies within the Farrer and Price River successions. In general, it is difficult to distinguish all 13 facies in well-logs, however the 3 lithofacies assemblages, and in some cases individual facies, have distinct GR signatures that allow them to be linked directly to nearby subsurface data. Each of the 3 main lithofacies assemblages also have distinct reservoir characteristics, including differing degrees of internal heterogeneity and external dimensions. Although additional work is needed to fully characterize potential reservoirs, this study interprets each assemblage and qualitatively assesses two main potential reservoir types.
Assemblage A: Mudstone Facies Description
Lithofacies Assemblage A consists of carbonaceous shale, massive mudstone and siltstone that locally contain root traces and peds (Table 1) . Facies A1 forms continuous beds (10-50 cm thick) of structureless, carbonaceous shale and mudstone; it tends to be adjacent to sandstone facies C1 and C5. Facies A2 consists of medium-bedded (10-25 cm thick) laterally discontinuous beds of structureless siltstone with root traces. Facies A2 laterally grades into Facies A3, which is a distinctive, olive green colored, medium bedded (10-25 cm thick) structureless mudstone and siltstone ( Figure 4 ). Facies A3 forms semi-continuous (100-1000 m) beds and locally contains pervasive carbonaceous root traces and blocky peds. Facies within this asseblage were not typically fractured in the study area (i.e., Book Cliffs area).
Interpretation
The mudstone facies constituting Lithofacies Assemblage A are generally interpreted as a series of floodplain deposits (Table 1) . Facies A1, A2 and A3 are all fine-grained (i.e., clay and silt) and are not typically interbedded with sandstone, although some facies laterally grade into sandstonerich intervals. Facies A1, carbonaceous shale, is interpreted as organic-rich suspension deposits due to the fine grain-size and horizontal lamination ( Figure 4 ). Because these facies are commonly cut by adjacent channel-sandstones and are lateral to some channel facies, they may have been formed in a floodplain environment, possibly part of an oxbow lake or abandoned channel on the periphery of the main channel. Facies A2 typically contains a higher proportion of silt-sized sediment suggesting that there may have been phases of traction transport, or higher-energy conditions capable of entraining predominantly silt-sized material, that alternated with suspension deposition. Locally the facies contains root traces and blocky peds, which suggest a phase where the sediments were bioturbated and colonized by plants. The cyclic influx of silt-sized material followed by suspension deposition and later bioturbation by roots suggests that this facies was formed in the floodplain environment.
Facies A3 contains the highest density of root-traces and has a well-mixed, mottled fabric that suggests that this facies was developed on the floodplain. However, due to the higher proportion of root traces and bioturbation suggests that these sediments were exposed to pedogenesis for longer periods of time, and may have developed further away from the main fluvial channel that would normally provide sediment to the floodplain.
Reservoir Characteristics
Assemblage A can be identified on the GR log due its "spiky" character, and GR signatures that range from about 37 cps to 58 cps ( Figure 5A , 5B). The facies constituting Facies Assemblage A are generally very well-mixed, fine-grained (clay-and silt-sized) and would not typically be considered reservoir quality. However, in some cases, the facies within Assemblage A (for example, Facies A3) may be prone to fracturing because of its heterogeneous internal character and semi-continuous (500-1000 m) geometry. Fracturing these facies would likely improve their performance.
Assemblage B: Heterolithic Facies Description
Lithofacies Assemblage B is a complex suite of heterolithic facies; each contains a mixture of interbedded sandstone and/ or mudstone, shale (Table 2) . Facies B1 is a very thinly bedded (1-3 cm thick), current-ripple cross-laminated and horizontally laminated, very fine-grained sandstone with numerous carbonaceous shale drapes (< 1-2 cm) ( Figure 6 ). Facies B2 forms lenticular beds (10-25 cm thick) with inclined (~5 degrees) sets of current-ripple cross-laminated and trough cross-stratified, fine-to very fine-grained sandstone with numerous carbonaceous mud drapes. Facies B3 forms sharpbased, lenticular beds (25-100 cm thick) of trough cross-stratified, fine-grained sandstone with superimposed current-ripple cross-laminated very fine-grained sandstone; subordinate carbonaceous mud drapes are present on cross-bed foresets. Locally, this facies contains mudstone rip-up clasts at the base of sandstone bodies and subordinate sigmoidal cross-bedding ( Figure 6 ). Facies B4 is a very thin-bedded (1-3 cm thick) current-ripple cross-laminated, fine-grained sandstone with subordinate double mud-drapes and bi-directional ripple foresets; locally this facies contains 5-10 cm thick intervals of flaser-bedded, very fine-to fine-grained sandstone.
Interpretation
Facies constituting Facies Assemblage B record deposition within a wide range of environments including meandering fluvial, floodplain, tidally influenced fluvial, and estuarine environments. Ripple cross-laminated very fine-grained sandstone overlain by horizontally laminated fine-grained sandstone of Facies B1 records traction transport in the lower part of the lower flow regime followed by suspension deposition; this is consistent with deposition within a floodplain environment. Facies B2 was deposited within a meandering fluvial system that may have experienced seasonal variation in discharge. The sharp, erosive basal contacts and lenticular sandstone geometry of Facies B2 suggests deposition within a channel ( Figure 6 ). Trough cross-bedded sandstone located near the toes of the inclined beds record traction transport in the upper part of the lower flow regime and grade into ripple cross-laminated sandstone near the upper part of the inclined bed recording traction transport in the lower part of the lower flow regime. Additionally, a distinct cyclicity consisting of higher-flow (trough cross-beds) to lower-flow (ripple crosslaminations) to suspension (mud drapes) conditions suggests seasonal (?) fluctuation in flow conditions (i.e., discharge). The presence of low-angle accretion sets with paleocurrent indicators that are oblique to the dip-direction of the inclined sets is consistent with deposition within a point bar, and ryth- mic cyclicity of sedimentary structures in the point bar suggests cyclicity, or seasonality, in the discharge of the fluvial system.
Facies B3 and B4 are interpreted as tidally influenced fluvial channels and inner estuarine deposits, respectively. The sharp, erosive basal contacts and lenticular sandstone geometry of Facies B3 suggests deposition within a channel, whereas the bi-directional flow indicators, numerous mud drapes, mudstone rip-up clasts and subordinate sigmoidal cross-bedding suggests tidal influence. Facies B4 has more apparent evidence of tidal influence due to the presence of double muddrapes on bi-directional ripple cross-laminated sets, flaser bedding and numerous carbonaceous mud drapes and mud rip-up clasts on cross-beds. I interpret Facies B4 as deposits of an inner estuarine environment because there is an overall abundance of tidal indicators (i.e., double mud drapes, bi-directional current-ripple cross-lamination, flaser and lenticular bedding) the facies is typically muddier than facies B3.
Reservoir Characteristics
Facies constituting the heterolithic facies assemblage (Assemblage B) are generally sandy but contain numerous interbeds, lenses, and/or thin drapes of carbonaceous mudstone and shale. Although porosities may locally be higher-thanaverage, fluid flow and formation pressures are likely to be quite complex due to a wide range of heterogeneities; these include: (1) numerous small (2-10 m wide) channels, (2) large (10-1000 m wide) channels, (3) inclined beds, or lateral accretion sets, within the channels, (4) several types of cross-beds (trough and sigmoidal cross-beds and ripple cross-lamination) within the channels and/or superimposed on inclined beds, (5) abundant mudstone and shale interbeds (1-10 cm thick), and (6) zones with numerous, thin (<1 cm) carbonaceous mud drapes.
Sandstone bodies in this assemblage (Assemblage B) are generally single, isolated channels that generally range from 1-3 m thick and 10-200 m width. Although they are not typically amalgamated with other channels, they contain numerous other internal complexities related to accretion sets, bedding and mudstone drapes. These more heterolithc, heterogeneous sandstones are more abundant in the lower parts of the Farrer and Price River Formations. The sand-body dimensions provided in this study are approximate; much more work is needed to quantify the dimensions of the sandstone bodies. Comparatively, Facies B2 (meandering fluvial channels) will likely have the least number of internal heterogeneities, and relatively simple external geometry of all the facies in Assemblage B.
In well-logs, the heterolithic, sandstone-rich facies of Assemblage B are difficult to distinguish from "pure", sandstonedominated facies (Assemblage C), however the heterolithic facies tend to have a slightly higher GR signature (~25-35 cps) than the sandstones of Assemblage C ( Figure 5A , 5B). A good example of the slightly higher GR signature of sandstones of Assemblage B is show in Figure 5A (Cottonwood Canyon Section) between 5m and 30m. However, GR measurements for Assemblage B are scant in the Thompson Canyon Section (
Figure 5B) because these facies are not very abundant; in fact, two of three GR datapoints for Assemblage B facies in the Thompson Canyon section show a slightly lower GR response.
Assemblage C: Sandstone Facies Description
Lithofacies Assemblage C consists of six fine-to mediumgrained sandstone facies with a wide range of dimensions and sedimentary structures (Table 3) . Facies C1 forms sharp-based, lenticular beds (10-25 cm thick) of structureless, fine-grained sandstone with root traces and relict ripple cross-laminations locally; this facies contains very little to no organic material intermixed with the sandstone. Facies C2 is a distinctive cliff-forming unit consisting of a sharp-based, thick-bedded (25-100 cm thick), broadly lenticular very fine-to fine grained sandstone with trough and planar-tabular cross-stratification (Figure 7 ). This facies tends to occur as a thick (1-6 m) succession of amalgamated lenticular units, and is relatively continuous (100-1000 m). Facies C3 is another cliff-forming facies that tends to be thinner and less extensive than C2 facies; C3 facies consists of 10-100 cm thick beds of laterally discontinuous, sharp-based trough cross-stratified and ripple cross-laminated, fine-to very fine-grained sandstone with subordinate low-angle, inclined bed-sets that have paleocurrents oblique to them (lateral accretion sets); carbonaceous shale locally defines the tops of the lateral accretion sets. Facies C4 is a very thin-bedded (1-3 cm thick) ripple cross-laminated, fine-to very-fine grained sandstone. Facies C5 forms semi-continuous (10-100 m), 10-25 cm thick beds of climbing-ripple cross-laminated, fine-to very-fine grained sandstone with subordinate trough cross-bedding. Facies C6 forms sharp-based, 10-25 cm thick, lenticular beds of planartabular and wedge-planar cross-bedded, fine-to mediumgrained sandstone.
Interpretation
Lithofacies Assemblage C records deposition within a meandering fluvial environment. The sharp-based, lenticular to broadly lenticular sandstone beds with angle-of-repose crossstratification and basal scouring suggests deposition of Facies C1, C2, C3, C5 and C6 by traction transport within channels. The low-angle bed-sets, superimposed with lower flow regime sedimentary structures (i.e., ripple cross-lamination, trough cross-bedding and planar-tabular cross bedding) are oblique to the dip-direction of the low-angle bed sets, of these sandstone bodies suggests deposition on laterally accreting point bars. Some facies (C1, C4) tend to be thinner bedded, have more bioturbation/root traces and have slightly lower energy sedimentary structures such as ripple cross-lamination; these observations suggest that Facies C1 and C4 were part of the upper to uppermost point-bar deposits (Table 3) . Facies C5 is unique because it predominantly consists of climbing-ripple cross-laminated sandstone, with some subordinate trough cross-beds, and tends to cut upper and upmost point-bar deposits (Facies C1, C4), suggesting that C5 is part of a chute channel or crevasse splay environment. Facies C6 records deposition within the fastest, deepest part of meandering fluvial channels (i.e., thalwag); this interpretation is supported by the high net sand, thicker bedding (25-100 cm), rip-up clasts at the base of sandstone bodies, high-energy traction transport sedimentary structures such as trough cross-bedding, and cross-bedding that is nearly 2x the height of any other facies (Table 3) .
Reservoir Characteristics
Potential reservoirs in the sandstone lithofacies assemblage (Assemblage C) have relatively few heterogeneities and simple external geometries. Although the facies in Assemblage C tend to be vertically and laterally amalgamated, they are typically high net-to-gross sand, have thicker bed sets, and generally cluster in sand-rich successions. Externally, the sandstone bodies range from 500-2000 m in width due to lateral amalgamation, and are generally between 2-10 m in thickness. Internally, the sand bodies contain moderate-to well-sorted, stratified sandstone that are superimposed on broad (10's of m), low-angle, inclined bed-sets. Although the sandbodies have a relatively simple external geometry and relatively few mud baffles, fluid flow will likely follow the inclined bed sets (lateral accretion sets). In addition, these sandstones, especially Facies C2 and C3, are likely to fracture due to their longer lateral extent (up to 2000 m) and homogeneity.
The sandstone lithofacies (Assemblage C) are easily identified in the GR curve as thicker (2-10 m thick) intervals with sharpbased, blocky GR motif with relatively low GR response (< 35 cps). A good example of this is between 248-260 m in the Thompson Canyon Section ( Figure 5B, 8, 9 ). However, GR responses for sandstones in the upper part of the Farrer Formation are 5-10 cps higher than the sandstones in the middle and lower parts of the Farrer Formation due to the roughly 10% increase in detrital k-feldspar. Boundaries between channel-sandstone bodies are usually marked by a slight increase in GR response, nearing 35 cps, due to the increased organic content and decrease in grainsize.
PALEOCURRENT ANALYSIS
Paleocurrents were measured every 10-25 m whenever possible. Planar-tabular cross-beds, wedge-planar cross-beds, ripple crests, ripple cross-lamination, clast imbrications, parting lineations, tool marks and flute casts were measured in this study. At each locality a minimum of 3-5 measurements were taken in the field, rotated for structural dip if the bedding attitude was >15 deg and plotted on rose diagrams using StereoWin 7.0. The rose diagrams are displayed on the right hand side of stratigraphic profiles ( Figure 5 and Appendix A).
Paleocurrent data from the lower part of the Farrer Formation suggest that river systems were flowing toward the northeast. However, the uppermost part of the Farrer Formation tends to have paleocurrents with a more northerly orientation. The shift in paleocurrents from more easterly to northerly direction is consistent with previous studies (Lawton, 1983) . Previous workers have suggested that the change in paleocurrent direction was caused by uplift of the San Rafael Swell, a Laramide structure that was thought to have been active from the latest Cretaceous (~77 Ma) to early Paleogene (DeCelles, 2004; Aschoff, 2008) . More detailed correlation and additional paleocurrent data in the vicinity of the San Rafael Swell are needed to discern whether this structure was responsible for the paleocurrent shift.
REGIONAL CORRELATION
Discovery of two flooding surfaces within the Farrer and Price
River Formations allowed the regional correlation of the two units from Willow Creek (near Price, UT) to the UT-CO state line. Numerous unconformities are present in the Farrer-Price River interval and were difficult to trace laterally; hence, flooding surfaces and formation tops, rather than sequence boundaries, were mainly used to construct the correlation (Plates 1 and 2). Moreover, unconformities become more numerous and clustered in the vicinity (+/-20 km) of the San Rafael Swell. In the field, flooding surfaces were identified using evidence tidal, brackish and/or marine influence including marine-to-brackish trace fossils, flaser-and lenticularbedding and bi-directional ripple cross-lamination. In the subsurface, flooding surfaces were identified by the presence of a higher-than-average gamma-ray response within a thick shale-rich interval (Figure 4 and Figure 5 ). Both flooding surfaces are more pronounced in the eastern part of the Uinta Basin; this is likely because the eastern margin was more frequently influenced by sea-level fluctuations in the nearby Western Interior Seaway. The lower flooding surface is better defined and more regionally extensive than the upper flooding surface in the Farrer Fm. The lower flooding surface (Flooding Surface 1) is recognized from Horse Canyon to the UT-CO state line; it is generally marked by a nonwaltherian facies shift, where meandering fluvial strata are overlain by outer or inner estuarine facies or tidally influenced fluvial facies. Facies translation across this surface decreases westward to Price, where it is extremely subtle and tends to occur in the thick covered intervals in the Price River Formation. The upper flooding surface is generally observed east of Green River, UT where it is marked by a thin interval (<5 m thick) where flaser-bedded sandstones with bi-directional current indicators and carbonaceous shales intertongue with meandering fluvial facies. In the subsurface, flooding surfaces are found within low net-to-gross sand intervals where channel sands tend to be thinner and more isolated. Within the low net-to-gross intervals flooding surfaces had higher GR response compared to fluvial sandstones, and slightly lower GR response compared to floodplain sandstones with a characteristic "spiky" character and higher organic content.
Stratigraphic stacking patterns and fluvial architecture provide some insight into regional base-level changes, and can be used as a rough tool for correlating non-marine successions (Shanley and McCabe, 1991; Olsen and others., 1995; Martinson and others., 1999). In the Farrer and Price River Formations, there are two packages of fluvial strata that become thicker, sandier and progressively more amalgamated ( Figure  5 ). These two coarsening-up packages are bounded by the two flooding surfaces. Using the surfaces and stacking patterns two genetic sequences can be defined-one in the lower part of the Farrer -Price River interval and one in the upper part of the Farrer-Price River interval. Genetic sequences (Sensu Galloway, 1989) are used in favor of depositional sequences in this study because flooding surfaces are easier to identify and more extensive than unconformities, or sequence boundaries.
Dickinson and others. (1986) and later, Lawton and others. (2003) suggested that detrital sandstone composition can be a useful tool for building and corroborating stratigraphic correlations. The present study adopted this concept but used fieldestimated detrital modes instead of thorough petrographic investigation due to the limited time for this study. However, field-estimated composition showed an up-section increase in feldspar (probably k-spar, but no thin-sections were examined) in sandstones of the upper Farrer Formation; this increase in feldspar corresponded to an up-section increase in the total GR response of sandstones. The correlation presented here (Plates 1 and 2) is consistent with this stratigraphic pattern in sandstone composition.
In general, stratigraphic stacking patterns and stratigraphic patterns in detital composition are consistent with the correlation of the two flooding surfaces in the Farrer and Price River Formations. Although this study presents several new tools to correlate the Farrer-Price River interval, much more work is needed to fully understand the connection of depositional systems and 3-dimensional distribution of sand. Additional work is needed in several key areas: (1) more detailed analysis of the regional sequence stratigraphy that uses the two key flooding surfaces, as well as higher-order surfaces between them, (2) the 3-dimensional perspective of this correlation, (3) detailed, regional subsurface mapping of specific facies and (4) palynology to constrain the correlation.
CONCLUSIONS
Subsurface stratigraphic correlations in the upper Mesaverde Group are challenging due to the similarity of log facies and abundance of non-marine deposits that tend to have more subtle flooding surfaces. As a result, previous workers primarily used formation tops and "net-to-gross" patterns to correlate; such correlations can lead to oversimplified models of depositional systems, their connectivity and facies distribution. The pilot study presented here used flooding surfaces, regional unconformities, detailed lithofacies, facies stacking patterns/ architecture, sandstone composition and paleocurrents from outcrop data to improve the regional, subsurface correlation. Two flooding surfaces discovered during study were particularly useful for constructing the regional correlation, and making the critical link from the outcrop to the subsurface. Flooding surfaces were identified in outcrop by the presence of tidal-and marine-influenced units that suggest incursion of brackish to open-marine conditions into predominantly fluvial successions; they can be identified by their higher GR response compared to fluvial sandstones, and slightly lower GR response compared to floodplain sandstones with a characteristic "spiky" character and higher organic content. In addition, an up-section increase in detrital feldspar (probably kspar, but no thin-sections were examined) in sandstones of the upper Farrer Formation correspond to an up-section increase in the total GR response of sandstones.
Outcrop analysis and correlation of outcrop and subsurface data suggest that subtle flooding surfaces are the most useful tools for correlating long distances (> 50 km) in the Price River and Farrer Formations. These flooding surfaces provide the best time-lines. Changes in fluvial stacking pattern, from clustered to isolated channel bodies, allow us to identify stratigraphic zones that may contain flooding surfaces. Careful examination of the GR and conductivity within these suspect zones helps to identify key flooding surfaces. Locally, unconformities are useful for correlation purposes but they are very difficult to follow for more than a few kilometers. The unconformities become more numerous and clustered near the San Rafael Swell; these unconformities appear to become conformable with distance away from the San Rafael Swell and may locally act as stratigraphic traps. It is possible that these unconformities form part of a large-scale growth-strata package on the margins and crest of the San Rafael Swell. However, this is mere speculation at this early stage in the project ; much more detailed stratigraphic analysis in the San Rafael Swell area is needed to fully understand the extent, character and genesis of these unconformities.
A wide range of depositional lithofacies were described from the Price River and Farrer Formations. These included: sandy meandering fluvial channels, floodplain mudstone, sandy crevasse splay deposits, tidally influenced fluvial and estuarine facies. Previously, tidally influenced facies were not recognized in the Farrer-Price River interval. However, these rare tidal facies were key to identifying flooding surfaces and constructing the correlation.
Partitioning of depositional facies was recognized within the Price River and Farrer Formations. The lower part (generally 75-100 m) of the interval is a low net-to-gross sand succession consisting of more isolated channel bodies, fewer crevasse splay deposits and less developed paleosols (thinner units with scare root traces and peds). Two important flooding surfaces are found within this lower stratigraphic interval. By contrast, the upper part of the Price River-Farrer succession is a higher net-to-gross interval with thicker and more amalgamated channel bodies, more crevasse splay deposits and better developed paleosols (thicker units with large, fully preserved root traces). Geographically, sandstone-rich intervals are more abundant on the distal flanks (>20 km) of the San Rafael Swell. Paleocurrents are highly variable, but are generally north-to northeast-directed currents that become more northerly in the vicinity of the San Rafael Swell.
Preliminary paleocurrent data from this study is consistent with previous work that suggests the San Rafael Swell deflected fluvial systems northward. In addition, the San Rafael Swell may have formed semi-regional unconformities along its crest during phases when uplift exceeded sedimentation. These large-scale syntectonic unconformities may correlate to packages of sediment off the crest of the San Rafael Swell, perhaps to the north or northeast. Moreover, episodic uplift of the San Rafael Swell may have controlled regional accommodation patterns that ultimately influenced fluvial architecture and sand distribution in the Uinta Basin. Uplift of the San Rafael Swell would likely shift depositional loci further toward the north or south of the San Rafael Swell.
This pilot study identified two key surfaces that were used to improve correlation and provide better timelines in the Farrer and Price River Formations. The correlation presented here reflects better integration of outcrop and subsurface data, and provides some insight into the log characteristics and reservoir potential of facies within this stratigraphic interval. This study is the groundwork for a more detailed regional sequencestratigraphic correlation in the lower Mesaverde Group that will help us understand the regional connectivity of depositional systems and sand distribution. Future work will include (1) a more detailed analysis of the regional sequence stratigraphy that uses the two key flooding surfaces, and higher-order surfaces between them, (2) a more 3-dimensional perspective of this correlation, (3) additional outcrop GR curves that better define the log characteristics of facies constituting this interval, (4) detailed, regional subsurface mapping of specific facies and (5) 
